High temperature inductor applications require improved magnet performance, including simultaneous high magnetization and low core losses at ever higher operation frequencies. Conventional polycrystalline soft magnet alloys are mature technologies with little room for meaningful improvement. Recently, nanocrystalline soft magnetic materials possessing reduced hysteretic losses and offering higher operation frequencies than conventional alloys have been introduced. These nanocrystalline soft magnets with compositions Fe-Co-Zr-B-(Cu) have been offered as alternatives to the conventional alloys. This paper describes the processing, structure, and magnetic properties of these materials.
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Introduction
High temperature inductor applications for power generation, conversion, and conditioning require improved soft magnetic materials. The desired materials characteristics for these applications include: low coercivity to minimize frequency independent losses, high resistivity to minimize frequency dependent eddy current losses, and high magnetization to increase the range of field amplitudes available for use. These properties are desirable for any inductor application, however, for high temperature applications the choice of materials is limited to those that possess sufficiently high Curie temperature and high magnetization at the operation temperature.
The aforementioned requirements for use at high temperatures restrict the composition of the alloys to those containing Fe and Co (e.g. Hiperco™ alloys).
Carpenter Technology Inc.'s Hiperco™ alloys are FeCo-based steels, with alloying additions of V for ease of rolling the alloys and increasing the resistivity. The operation frequencies for these alloys are limited due to the thick sheets formed during processing (a few mm thick) and the low resistivity (~ 20 µΩ-cm for Hiperco27™), both of which increase eddy current losses. These conventional polycrystalline alloys present a mature technology with limited potential for more than incremental improvements.
One possible solution with potential for improvement of high temperature soft magnetic materials lies in the field of nanocrystalline alloys. These materials possess reduced hysteretic losses and improved high frequency range and response. This 3 paper focuses on the synthesis and properties of nanocrystalline soft magnets for high temperature applications.
Historical Background
In 1988, Yoshizawa, Oguma, and Yamauchi at Hitachi Metals, Ltd., developed the first nanocrystalline soft ferromagnetic alloy, called Finemet™. Both of these alloys take advantage of characteristics from their two-phase microstructures. The amorphous phase provides a high resistance path to eddy current formation, thus increasing the possible operation frequency over the existing large-grained metallic alloys. Both of these characteristics warrant interest in these alloys, however they are not the most interesting characteristics.
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The coercivity of the Fe 73.5 Si 13.5 Nb 3 B 9 Cu 1 alloy was found to contradict conventional alloy development paradigms. The reduction in grain size traditionally causes increased coercivity due to the pinning of domain walls by grain boundaries in the material. Nanocrystalline alloys, therefore, would have enormous coercivities by this reasoning. Astonishingly, the coercivities for these alloys were reduced as the grain size was reduced below the domain wall width.
Exchange Coupled Nanocomposites
Shortly after the discovery of the extraordinary soft magnetic properties of the 3)
The model requires the random orientation of nanocrystallites and grain sizes smaller than the exchange correlation
length. An effective magnetocrystalline anisotropy replaces the bulk magnetocrystalline anisotropy, when these constraints are met. Using a coherent rotation model, the estimated coercivity is proportional to the grain size to the sixth power for grain sizes smaller than the exchange correlation length.
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The model requires that the nanocrystallites remain exchange coupled to maintain the reduced coercivity. The exchange coupling of a ferromagnet becomes negligible when the Curie temperature is exceeded. In general, the Curie temperature of the amorphous phase is smaller than that of the crystalline phase thereby being the limiting factor for operation temperature. At operation temperatures exceeding the Curie temperature of the amorphous phase, the Herzer model is no longer valid and the coercivity of the nanocrystalline alloy increases. This presents a problem for all nanocrystalline alloys, but is amplified for Fe-based alloys where the amorphous phase Curie temperature is significantly depressed.
High temperature nanocrystalline soft magnets
As with conventional soft magnetic alloys for high temperature applications, the 
Structural properties
Prior to annealing, as-spun ribbon samples were analyzed by differential thermal analysis (DTA) to determine crystallization temperatures. (Note: These and other techniques presented in this paper are described in detail elsewhere.) [8] [9] [10] [11] The endothermic peaks correspond to the crystallization of phases from the amorphous phase. The phases formed during crystallization were determined by X-ray diffraction (XRD). Figure 2 shows the XRD patterns for the (Co 0.95 Fe 0.05 ) 89 Zr 7 B 4 alloy after isothermal annealing at 550, 650, and 750°C for one hour each. The sample annealed at 550°C for each alloy showed Bragg peaks from both BCC (identified by dots in Figure 2 ) and FCC crystallites. The BCC peaks vanished for samples annealed at higher temperatures, indicating that the formation of the FCC is more stable than the BCC, although they are both close in formation energy. The implication for the magnetic properties of the two primary crystallites is unclear at this time. At annealing temperatures above secondary crystallization, the formation of (Co,Fe) 3 Zr and (Co,Fe) 2 Zr phases form, as indicated by the XRD pattern for the sample annealed at 750 °C. Examination of the peak width broadening due to the grain size of the crystallites reveals increased grain growth at higher annealing temperatures (as summarized in Table 1 ).
Transmission electron microscopy (TEM) was used to image the microstructure of these alloys and analyze the phases present. This is presumably due to the formation of the secondary phases at the expense of some of the primary crystalline phase.
Thermomagnetic data were collected using a VSM with a furnace attachment. An asspun (Co 0.5 Fe 0.5 ) 88 Zr 7 B 4 Cu 1 sample was examined by this method to a maximum temperature of 1000 °C. Where Fe-based nanocrystalline materials succeed at producing low coercivity at room temperature, they fail to maintain that behavior at high temperatures, due to the reduced Curie temperature of the amorphous phase between the nanocrystallites. As the operation temperature surpasses the amorphous phase Curie temperature, the nanocrystallites decouple from one another resulting in an increased coercivity. Therefore, for nanocrystalline alloys to function at high temperatures, the intergranular amorphous phase must possess a high Curie temperature.
The (Fe, Co)-based alloys have addressed this issue by producing an amorphous phase having a Curie temperature greater than the primary crystallization temperature. Nanocrystalline materials exhibiting soft magnetic properties have great potential for high temperature applications. Continual improvements to the alloy composition and processing conditions will provide improved properties and stability of these alloys.
In the future, developing zero magnetostrictive (Fe,Co)-based alloys may be possible with improved magnetization and lower losses. 
